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FOREWORD

This report was prepared in the Components Branch (APTC), Turbine Engine Division, Air
Force Aero Propulsicn Laboratory, Wright-Patiersor Air Force Base, Ohjo, under Project
3066, ‘““Gas Turbine Technology,” Task 306603, ‘“Advanced Engine Studies,’’ with Charles E,

Bentz as Project Engineer.

This report covers work conducted within the Components Branch in the time period between
July 1965 and Jure 1967 and was subrnitied by the author 31 August 1967.

This technical report has been reviewea ard is approved.

ol et —
ERNEST C.

Chief, Turbine Ergine Division

Air Force Aero Propulsion Laboratory
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ABSTRACT

This repcrt describes a digital computer program titled SMOTE (Simulation of Turbofan
Engine}. SMOTE is a computer program for balancing-cycle turbofan engines capable of run-
ning both design and off-design points. Component performance maps are reduced to Block
Data (tabular form) to provide a base for calculatirg component performance. The Gesign
point i3 run first and map correction factor~ are calculated to scale the ccmponents to the
desired performance. These correctior f-ctors are then applied to the component perfor-
mance maps at off-dezignpoints. fnitial, - 2n the program is rupningat an off-design point,
the cycle is not balanced, and errors (for exemple, work required by the compressor minus
work supplie2 by the turbine) are genesated. Small changes in engine independent variaoleu
(for example, compressor speed) thean prodace small charges in the errors, and these dif-
ferential changes are loaded into » matrix. Thematrix is then solved for the set of independent
variables which results in zero errors, thus balancing the cycle. Actually, this process may be
repeated seversl times before it reaches a telanced point because there is a nonlinear re-
laticnship between the independent varishiez »r2 the errors. Sample results arz included ip
this report.

(Distributior of this abstract is unlimited.)
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SYMBOLS
BLF bleed from fan lost to cycle (leakage)
BLDU bleed from compressor to duct (leakage)
BLHP bleed from compressc. to high pressure turbine (cooling)
BLLP bleed from compressor to low pressure turbine {cooling)
BLOB bleed from compressor overboard for customer use
CN corrected speed
DHTC delta-H ccrrected for temperature
H enthalpy ;
PCNC percent speed of the compressor
PCNF percent spead of the fan
P pressure

P2 pressure at the fan face 3

TFFHP turtine flow function, high pressure turbine

TFFLP turbine flow function, low pressure turbice
T temperature ]
T2 temperature at the fan face

T21 temperature at the fan exit

T4 main combustor burring temperature

T24 duct-berner burning temperature

T7 afterburner burning temperature

WFA afterburner fuel flow

WFB main~comlustor fuel ilow

WFD duct-burner fuel flow

WG gas flow rate

C pressure-ratio ratio of the compressor

ZF pressure-ratio ratio of tke fan

RS




s—ve o
.

AFAPL-TR-67-125
Partl

SECTION 1

INTRODUCTION

Recent advances in turbine-engine stateof the arthave increased the requirements for more
and better cycle studies. These cycle studies are needed to monitor present engines, determine
sensitive or critical zreas in near future engires now under develcpment, ard to explore the
advantages and disadvantages of proposed advanced engine cycles for frture aircraft.

Parameiric cycle sa:dies, which involve essentially numerous design-point calculaticns,
partially fulfill this nesd, particularly for optimizingacycle for a specific single design-point
mission. However, with multimission aircraft being emphasized increasingly and with the need
for determining off-design performance, the requirement for a balancing cycle cimpuier
program {ihat is, one which simulates a turbine engine at both design and ofi-iesiga points)
becon:es Gefinite and essential.

The purpose of this report is to describe a digital czmputer program for bzlancing-cyole
turbofan engines. The program, titled SMOTE (Simulation of Turbofan Engine), was develosed
in the Components Branch, Turbine Engine Divisior Air Force Aero Propulsica Litoratory,
to meet the requiremente given in the preceding peragraphs. Ia addition to meeting these
requirements, SMOTE is considerably more flexible, requires less computer storage ¢ space,
and requires less computer operating time than previous engine cycle decks of comparable
sophistication.

Part I of this report describes the method of engine calculations end the baiancing techrigue
and gives some sample results. PartIl is intended as a user’s manual and includes instructions
for setting up and running the program, as well as a program fisting. The parls may be used
independently of one another.
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SECTION I

SUMMARY

SMOTE is 3 computer program for balancirg-cycle turbofar 2ngines which presently ises
component performarce maps for the fan, compressor, combustor, and both turbir s to
provide the basic performance data, brt it can easily be expanded to include addi. onal
comporent performance maps if available. The maps are ir Block Data form and are scaled
internally to simulate a specific ergine. Errorsdueto an unbalanced cycle are gererated at off-
design points, and the effects of small changes in independent variabies upon the errors are
determined. A matrix of differential error equations is then solved to determune the correct
vaiues of the independent warisbles which would produce zero errors. A flow chart of the
program is shown in Figure 1.

For a more accurate simulation of a particular engire, performance maps for other com-
pongnts couid be added; for example, duct-burner or afterburner maps may he desired. It
shounld also be mentioned that other formats for presenting maps may be used as readily as
those presented in this report. Ra‘ner than inputting bieed air values at eachpoint orusing a
2 constant bleed, a bleed schedule could be used. In addition, if a variable-area pozzle is to be
¥ simulated, a nozzle area szhedule could be used. Or an 2ngine control system could Le used
which would set fuel flow, bleeds, and nozzle areas as some function of 2 power lever angle.

The complexity of an engire cycle can be increased by increasing the size of the matrix

.3 (increasing the number of partial differential equations). For example, a basic triple-spool
. turbofan ¢ycle could be represented using a matrix of nine equations. Or a T-compressor fan
PR engine composed of a fan tip, fan hub, low pressure cc- pressor (running at the same speed as
3 the fan). high pressure compressor, combustor, two turbinex, gas mirer, and afterburner
- g could be represented using a matrix of eight equations.
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SECTION II

HISTORY

Uniil about six yezrs ago, mostgeneral cycle calculations in the Components Branch were
done by hand, althcugh some computer programs were availadle for epecific engines. About
that time a turbojet, parametric-cycle study program (SPEEDY) was conceived, and, from
this program, a more general turbajetor turbofanprogram {CARPET) with many configuration
opticas was developed. CA™ "ETie still ingeneraluse for parametric and optimization studies.

About three years ago, a balancing-cycle turbojet or single-spool computer program
{SSPOOL} was developed within the Components Branch. The engine component calculations
were based essexilally on those .n CARPET, and the balancing technique, which depended 2pon
a quadratic interpolation routine (AFQUIR), involved two nested balancing loops. The inner
loop was balanced using PCNC as an independent variable and the work difference between
compreasor axd turbine as the dependent variable. The outer loop was balanced using ZC (see
Figure 2 for a deficition a1 ZC) and the pressure required by the fixed-area extaust nozzle.
After the inner loop was balanced, the outer loop was changed in an attempt to balance it.
Naturally, chinges in the outer loop necessitated rebalancing the inner loop. This method,
although rather crude, worked well for a turbojet cycle.

The SSPOOL cnocept was then extended to a turbofan or dual-spool cycle which resulted in
& new program called DSPOOL. By logical extension this required four nested loops with four
independent variables (PCNF, ZF. PCNC, and 7ZC) and four dependent variables or errors (two
work errors and two nozzle pressure errors for a separate flow cycle; or two work errors, a
mixing static pressure error, and a nozzle pressure error for a mixed flow cycie). Although
tha method worked, computer time was excessive, and various techniques (such as changing the
order of the independent variables or using 2 varying tolerance) were tried in an attempt to
shorten the balancing time. These attempts were only partially successful,

Other belancing techniques using various mathematical solutiors were experimented with,
and the preseut methoc was finally developed. This method involves no nested balancing loops;
instead, 2 matrix is loaded withdifferential errorscaused by small caanges in the independent
variables. The matrix is then solved for the zero error condition. SMOTE reduced computer
tir_e by an average fsctor of about 4 as compared to DSPOCL.

PRI |
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SECTION IV
METHOD OF ENGINE CALCULATIONS

1. COMPONENT MAPS

The nerformence of the major engine components is based cn component maps. These maps
are usually obtained from analytical methods or rig-testing and are then converted into
Block Data subroutines for use by SMOTE. The maps presently included in SMOTE are very

general and do nc! represent any particular engine or engine components.

b The componert maps are scaled at the engine design point by SMOTE in arder to match
their performance to a desired set of performance figures which are input as data, Scaling
or correction factors are calculated and then applied tc the maps at ofi-design points. The
s scaling process i= ‘inear; therefore correction factors near unity rasult in the higheet accuracy

the effect o e overall cycle,

SMOTE presently includes compooent maps for the fan, compressor, combustor, and both
turbines. Duct burning, duct losses, gas mixing, afterburning, tailpipe losses, and nozzle
losses are 1ll calculated or input, but theee characteristics could also be included as Block
Data H maps were available. Likewise, schedules for bieed air and variable area nozzles could
be used.

a., Fan-Compressor Maps

The fan and compressor maps are very 3imilar and are plots of corrected airflow versus
pressure ratio with constant corrected speed lines and constant efficiency islands (see
Figure 2). Euxtry {o the map is through the correctad speed and Z, where Z is a pressure-
ratio ratio, snd is defined at a constant corrected speed as shown in Figure 1. K is advan-

use Z ins’cad of pressure ratio because Z is restrained between the limits of
0 and 1, whereas the limits on the pressure ratio vary deperding upon map location and tra
map. Also, an indication thst the fan or compressor is approcching surge is given
Z approaches 1,

A b. Combustor Map

:

&

The combustor msap is a plot of teunperature rise across the cormbustor versus efficieccy
for constant input pressure (see Figure 3). Entry to the msp is through tempersture rise and
iaput pressure, with efficiercy being output.,

¢. Turbine Map
The turbine map is a piot of turbine corrected speed versus work function with constart

mmmmmmmtmcmcymmnmq.mmkmm
flow function are defined as )

hiy —Hout
TIN

DHTC =
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PRESSURE RATIO (PR)
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CORRECTED (CN)
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EFFICIENCY (ETA)
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EFPICIENCY (EYAD)

CORRECTED AIRFLOW (WAC)
Figure 2. Example of Fan-Compressor Map

OESTANT IRFUT
PRESSURE (P3)

WORK FUNCTION (DHTC)

TEMPERATURE RISE (DT)

Figure 3. Example ¢f Combustor Map

CONSTANT TURBINE
FLOW FUNCTION (TFF)
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CORRECTED SPEED (CNT)
Figure 4. Example of Turbine Map
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and

WGy v TIN

TFF = P
Entryﬁothemzpisthrou@correctedspeedandturbineﬂowfuncﬁon with the work function
and efficiency being output.

The work function could have been used as an entry in place of one of the present entries, but,
because of the shape of the curves, this could lead to double entry points for one work function,
However, if the turbine maps were ploited in a different format, this could be an acceptable
inethod.

2, DESIGN POINT

Once the component maps have been reduced to Block Data form and placed in the program,
it is pecessary to run a design point. The design point is run at those conditions under which
the real engine is designed or sized, usuallysea level static, Design parameters necessary to
simulate the real engine (for example, airflow, bypass rztio, main burner temperature, various
pressure losses, pressure ratios, etc.) are input and a complete thermodynamic cycle cal-
culation is performed. For more details onthe cycle calculation see Section IV 4, **Off-Design
Points,”” Scale factors for the component maps are calculated to insure that the input design
parameters are met. i the design parameters have been correctly input, the design point will
be completed after one pass through the engine calculations (that is, no balancing will occur)
because the maps are shifted to reduce the errors to zero.

Other parameters calculated and output at the design point i~clude certain temperatures and
airflows, gas mixing areas, and nozzle throat and exit areas.

3. SCALING FACTORS

Scaling or correction facters are calculated at the design point using the following equation:

P {correction factor) = P (design) / P(map}

where P rcpresents a geperal parameter. Onemepﬁontothiseqmﬁonisﬁneqmﬁonﬁor
e~dculating fan and compressor pressure correction factors

pPR{corrgction factor) = [PR(dcsign)-l ]/[PR (mup)—l]
where PR represents a general pressure ratio.

Thearetically, if the component msrs and the input design parameters are exact representa-
tions of a particular engine, the correction factors wiil equal 1. However, this will not be true
due to map interpolations, certainassumptions suchas jdeal and isentropic flow, and tolerances
in the thermodynamic calculations. The correction factorsshouldbe within 1% of 1. Naturally,
# unmatched component maps are used, the correction factors can differ significantly from 1.

4, OFPF-DESIGN POINTS

The fuilowing discussion perfains particularly to off-designpoints, although the input and the
geoeral cycle caiculations are the same for the desigr point, Throughout the following dis-
cussion, it should be remembered thatscalingor correction factors (muliipliers) are appliad to
all performance maps (Block Data parameters).

C—— - - ﬁ—————;ﬁ
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For more detailed information on the thermodynamic equations used throughout the cycle
osjoulstions, see Refarences 1, 2, and 3and Part II of this report. A schematic diagram of the
sugine components and station designations is shown in Figure S.

a. Ioput

‘The program uses e coutrolled output; that is, the variables desired as output can be selected
at the start of :. run, This selection is obtained by placing the names of the variables in the
first section cf jnpat cards. Cootrols, scaling or correction factors, and operating conditions
make up the rest of the input,

The countrol imwis are used to determine the type of engine: mixed flow or separate flow,
duct burning, and convergeat or convergent-divergent nozzis. The controls are
also used to fix the mode of operation: constant PCNC, constant T4, or constant WFB. Other
ooutrols determine inlet conditions, title printout, and cycle looping printouts. The correction
factors can be irputdirectly, or the designpoint can be run first and the calculated factors will
be left in common, The conditions include the flight Mack number, altitude, power
selting (either PCNC, T4, or WFB), duct burner and afterburner temperatures or foel fiows,
bleed, and horsepowor extracied.

b. Initial Values

The program uses four primary independent varisbles: ZF, PCNF, ZC, and PCKC (T4 may
be substituled for PCNC, depending upon the mode of opeiation). Two secondary independent
variables (TFFHP and TFFLP) are slso used to insure correct entry into the turbine maps.
Initial values for these six varijables must be obtained to start the program at each point. A
subrowtine supplies these variables as a function of T2, T21, and some of the variables them-
selwes, E is important to nots that the closer the initial values are to the finsl values at a
balanced point, the faster the program will run, Therefore, after a particular engine con-
figuration has been run a few times, it is usually advisable to change the general initial value
equations to suit the engine, using the knowledge gained from past runs to estimate more
closely the final values of the variables.

c. Injet

The thermodynamic properties of the atmosphere are found from a 1952 ARDC Atmosphere
Tables subroutine. Using conservation of energy and i3eriropic flow, the conditiozs at the face
of the fan can be found. A ram recovery (total pressure recovery) can be input or, if not input, 2
ram recovery defined by Mil-E-5008B Specifications will be used. H desired, a T2-P2 direct
input mode is available, as are provisions for nonstandard day conditions.

d. Fanand Compressor

Block Data is used to determine the performance characteristics of the fan and compressor.
When Z and PCN ara known, the pressureratio, corrected airflow, and efficiency can be found
by using a general Block Datfa interpolation routine named SEARCH. With the pressure ratio
known and when the assumption of isentropic compression and the efficiency are used, the
thermodynamic conditions st the exit of both the fan and the compressor can be calculated.
Bleed for consumer use, leakage, or coaling is accounted for. Actual airflow leaving the fan and
the compressor is calculated from the corrected airflow, temperature, pressure, and bleed.

¢. Combustor

The pressure drop in the combustor is a function of 2 design pressure drop and the ratio
of corrected airflow to the design corrected airfiow. Combustor efficiency is obtained from

8
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Block Data using SEARCH, Tbe fuel used is assumed to be JP-4 (at 59°F), and, with the
assumption of adiabatic and constant pressure combustion, a fuel keating value equation as
a function of T4 has beea derived. Thus the fuel/air ratio, fuel flow, and thermodynamic con-
ditions' at the combustor exit can be calculated. K WFB is known instead of T4, a small
Keratiod is necessary.

f. Turbines

Both turbine subroutines use similar logic and obfain their performance characteristics
from ‘Block Data usirg subroutine SEARCH. All three turbine parameters (CN, TFF, DHTC)
can be calcuiated before eutering the turbine map, but only two are needed, Therefore, the
mmmmummmmmmmmw and a
mekmﬂmymmtmhmfspmgram.CNaMTFPmnsedfor
map éotries, and DHTC is used to generate the error. Jn addition, the efficiency is also obtained
through SEARCH, .

In"addition, another error will be generated if TFF is nct within map limits, The error will
be the_difference betweea TFF and the nearest map limil, Thic error becomes particularly
w when the estimated initial values of the independent variables are far from the
correct values, and the point is extrem:ly unbalanced. When either TFF or CN is not within
map limits, they are set to the nearest map limit, and one of the independent variables is
chlnpdinanmempttorecﬁfythesihntbn. The operating poiat must appear on all maps
before a compiete cycle calculation can be accomplished.

Horsepo-ut extraction is accounted for in caicuiating DHTC of the high pressure turbine.
When the efficiency is used and the turbine process is assumed isentropic, the thermodynamic
at both turbine axits canbe calculatod. Any bleed airflow for <tooling the turb’ues is
treatad as if it entered the main sireambehind the turbine, ard the trermodynamic pioperties
at the turbine exiis are recalcclated to accouxt for this,

g Duct

The duct airflow and bypass ratio are calculated from the fan and comprassor airflows. The
pressure drop in the duct is treatud < in the main combustor. For duct-burning, the same
fuel besting value equationthat was used inthe combustor is again used, but the efficiency must
be input. As in the combustor, either the temperature (T24) cr the fuel flow (WFD) may be input.

I a separate flow engine is being simmnlated, the duct nozzle calculai:ons ara done in this
routine, although they are accomplished in the same manner as for the maiz rozzle.

b, Mixer

The gas mixing areas {duct exit and turbine discharge for a mixed flow engine or }ast the
turbine discharge area for a separate flow engire are czlczlated at the design puint using
either an input static pressure or Mach number, At an off-design poict the areas are used to
calculate static pressures and Mach numbers.

For a separate flow engine, the thermodynamis conditjons entering the afterburner are now
known, since they are identical to turbine discharsge conditions.

Por a mixed flow engine, a set of derived equaticns based on one-dimensional fitid flow
theory and consorvation of moss, energy, and momentumn is used to determine the thermo-
dynamic conditions after cwmplete mixing of the two gas streams (Reference 4, These
equations do not require thet the static nreassures of the two entering streams be equal. How-
ever, for s correct engine balance, the two static preasurcs must be equal, and & balzreing
error is generated i they are oot equal.

1c
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i, Afterdbwuoner

The dry loss (cold loss) pressure drop in the sfterburper is a function of 2 design pressuro
¢rop and the ratio of corrected gas flow to the design corricted gas flow. :

For afterburning, the same equation for the fuel heating value that was used in the combustor
is again used, but the efficiency must be input. As in the cumbustor, either the temperature
(T or the fuel flow (WFA) may be input. A momentum loss (hot loss) pressure drop is also
calculated,

j. Nozzle

The main noz7" > program uses fixed effective areas (except when afterburning) calculatad
at the design point, Either a convergeat or a convergent-divergent subroutine may be used
depending upon the input controls, K afterburning has been selecled, the nozzle arezs are
allowed to float to obtzin optimum performance; however the areas are returned to their
original design values after the afterburning point is completed. The duct nozzle behaves
identically with the main nozzle, including floating areas if duct-burning hes been selected.

Because all thermodynamic properties of the gas stream are known, as well as the amount
of flow, nozzle areas, and ambientpressure, there is a redundant parameter. For this program,
the total pressure of the gas stream was chosen as the redundant parameter. The nozzle cal-
culations (Reference 5) are made without using the total pressure, ard a required total pressure
compatible with all other knownparameters is calculated. This required pressure is compared
with the actual pressure, and a balancing error is generated if they are not equal. ¥

k. Performance and Gutput -

At this point, six errors have been generated after one pass through the engine. Several
more passes must be completed under contrcl of the error matrix and engine balancing sub-
routines, See Section V for a detailed descriptionof the balancing technique used, Eventually,
however, the errors wiil be reduced to zero, and engine performance will be calculsted using
standard equations. Gross thrust is obtained by summing the momentum term ia nozzle
velocity coefficieat may be input) and pressure-area term, and net thrust is in turn found by -
subtracting a ram drag (airflow momentum loss at inlet) term from the gross thrust. Specific :
fuel consumption is total fuel flow divided by net thrust,

As previously mentioned, a controlled output is used, whereby only selected variables are
printed. Each variable is labeled with its name, and provisions have been made for changing
the mame cf a variable. Inaddition, the values of all variables in common are printed in a cloee
format so that variablcs other than those selected for a specific run sre available 1ster on.

5. QUADRATIC INTERPOLATION ROUTINE

Thrcughot the program there aremany small loops (for example, thermodynamic erations
and table look-1p) wkich require convergence, Trial-and-error methods and linear interpola-
tions can be :ime-consuming, especially when a tight tolerance is necessary; therefore a
zne{al interpclation rozutine called AFQUIR (Air Force Quadratic Interpolation Routine) was

veloped.

This routire requires a dummy array dimensioned for nine locations. Also imput into the
routine through the calling argument are the independen? and the dependeat variables, the
answert or value which the dependent variable isto converge upon, the number of tries at con=-
vergeace, the tolerance, 2nd a variabie called DIR.

11
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The DIR is either set or calculated in tbe czlling program and is an initial guess at the
~-iirection and percentage change to apply to the first value of the independent variable. H not
‘onough is knowa about the variabjes to calculate a DIR, an arbitrary value msy be set. This
‘should not affect the final result, but may increase the numbzr of tries at convergence.

-The-DIR thus establishes the second valus of the independent variable. This value is used
ia ths calling program to determine a corresponding second vaiue of the dependent variable
- UIR is called a second time with two sets of values, A linear interpolation is msde
which results in a third value sf the independent variable. AFQUIR is then called a third time
with the third values of independent and dependent variables and a quadratic interpolation is
made. The values of these three sets of variables have been stored in the dummy array, and

here on, quadratic interpolations are made usingthe three sets which give valaes closest
to the answer, Values farthest from the answer are lost.

Various safeguards are built into AFQUIR {o refarn the interpolation method to DIR or
linsar i the rocts of the quadratic became complex, if the quadratic Goes not intercept the
ans if the value of the independent variable differs radically from previous values, or if
two sets of indenendent and dependent varisbles are identical,

Also, it is possibie to preload the durnmy array and to start directly at the linear ar
quacratic interpolations if desired.

In summary, AFQUIR is a completely flexible routine which performs quadrztic interpelation
for quick convergence ol general functicns.
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SECTION V

BALANCING TECHNIQUE

: The balancing tecknique is based upon finding a solution for a set of partial differential
equations. For this program, the set is composed of six equations; however, using a set nf
only three equatiocs will simplify the followingdiscussion. Thia corresponds to a besic turbo-
jet engine simulation. It is relatively easy to expand the set of three equations to one of six,
as required in SMCTE, or even further. For example, a triple-spool turbofar: would require
nine eations.

As discussed previously, six independent variabies were selected (2F, PCNF, ZC, PCNC o>

1
{ T4, TFFHP, and TFFLP). Once these variables have been given initial values, it is possible
: to proceed through an entire engine cycle calculation. Six errors are generated ss shown in
N { Section IV. These initial values of the six variables and six errors are referred to as base
: ) values,
2 In the following equations, V refers to a variable and E to an error. The basic set of differ-
ential equations based on E = £{Vj is (Reference 6)
dEy, 2E» QE;
. dE, = ——— 4V, + ———— ¢V, + —— — V.
! ey, ! v, 2 v 3
0E JE 0E
. dE; = ——2 av, + — 2 Gv, + —2 gy,
: aV, av: avs
i
“ 13 oE JE
dEy = —— 4V, + —— dV, + —— dV,
A : oV oVy
where the single subscripts correspond to three variables and three errors and where the
! double subscripts indicate the changs ir a particalar error (first schecript) due to a change in
a particular variable (second subscript).
, Assuming small changes results in the following approximations (where B refers to a base
] values):
3 dE = E - EB
A | . d¥ =V- VB
9E _ AE
av Av
With these approximations a d the fact that E should be zero when the engine is balanced,
the set of partial differential equaticas reduces to
| AEy AE;» AEg
s E,—-EB, = dV, + —— &, + ——dV5 = —E
1 T Ay, v YAy, 2T Ay, T TER ‘
l
‘. AE, ALE AE
© E,~EB, = —2 4V, + —= dV, + ———— dV;= —EB,
" Av, Va2 AVs
g
3 2 AEgy,; AE3, AE3s
C E,-EB = dv, + dv, + d¥%,= —EB
i 3 77 7 Ay ! Av, 2T av, 0 3
¢
|
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Three mors passes (six for SMOTE)} -ve now made through the engine cycle caleulations,
and one variable is cheanged by a smail amount ( AV ) for each pass., Tre charge in each error
due o the small changs in the varisbles {AE/A V) can then be cales” ed.

The above set of differential equations can now be solved for V3, dVo, and dVg, and, in
gereral, the new value of sach independent variable weuid be given by

Vv =VB + 4V

If the engine cycle calculetions werelinear functicns, the sngine would balance {errors equal
zerc) with these naw valaes of the variakles, Howerver, this is not the case, and it is usuelly
recessary to repeat the above process (whare the new values become ihe base values] several
times before a baiance is obtained.

A suhroutine to determine the solution of a midrix is used to solve the set of differeatial
equations, After each pass through the engine, a "nairix array is lcaded with the appropriate
values; after seven passes {base valve plus six independent variables), the matrix subroutine
is calied to solve the matrix,

E was found that the **d\Ps’’ obfained from the solution of the differential equations were in
many cases wo lerge, thus causing the varisblesto exceed their limits, ard to make it practi-
cally impossible to balance the cycle. The “dV’s™ are therefure multiplied by a suppression
factor (presently 0.6) which limits the swing of the variables. In addition, if a suppressed
“3dV* is stili greater then 5% of the value of the variable ifself, it is reduced to the 5% wvalue,
Although this procedure may tend to increase the numper of passes before balarncing in some

g, it alsc balacces polnts which previously would not balance, These peinlts are most
gererzliy far from the design poini, where oscillations of the dependent variables terd to build
.

N e T« ga rs naay 4y
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APPENDIX

SAMPLE RESULTS

The following computer printouts are examples of typical output from SMOTE. The first
point is the design point and includes a page of correction (or scaling) factors and a page of
values of varisbles in common. The otber points represent conditions throughout a flight
envelcne and consist of a primayy page of ovtput for each point. Not included for these points
is a common dump, which normally follows each primary owiput page and is very similar to
the common dump following the design point correction factors.

The engine cycle chosen was a mixed flow turboian (bypass ratio of 1.4j wita a convergent
rozzle, a total airflow of 182 pounds a second, and a turbine inlet temperature (T4) of 2400°R.
The points were run in a fixed T4 mode; that is, PCNC is an independent varfsble. Note that
the nozzle area is recalculated at each afterburning point for optimum expansijon and that o
balancing occurs at these points.,
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